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The stromal vascular fraction of adipose tissue has gained popularity as a source of autologous progenitor cells
for tissue engineering and regenerative medicine applications. The aim of this study was to validate a newly
developed, automated procedure to isolate adipose-derived mesenchymal stem/stromal cells (ASCs) from adult
human lipoaspirates in a closed and clinical-grade device, based on the Sepax� technology. Using a total of 11
donors, this procedure was compared with the standard operator-based manual separation in terms of isolation
yield, clonogenic fraction, phenotype, and differentiation potential of ASCs. As compared with the manual
process, automation resulted in a 62% higher isolation yield, with 2.6 – 1.2 · 105 nucleated cells per mL of
liposuction, and a 24% higher frequency of clonogenic progenitors. The variability in the isolation yield and
clonogenicity across different preparations was reduced by 18% and 50%, respectively. The cytofluorimetric
profile and in vitro differentiation capacity into mesenchymal lineages were comparable in the cells isolated
using the two procedures. The new Sepax-based process thus allows an efficient isolation of ASCs with higher
and more reproducible yields than the standard manual procedure, along with minimal operator intervention.
These results are expected to facilitate the use of ASCs for clinical purposes, either within an intraoperative
setting or in combination with further in vitro cell expansion/cultivation.

Introduction

Mesenchymal stem/stromal cells (MSCs), a rare
population of nonhematopoietic stromal cells, were

initially defined within the rodent bone marrow,1 as the
adherent population on tissue culture plastic and by their
expression of various molecules, including CD90, CD105,
and CD73, and the absence of markers like CD34, CD45, and
CD14.2,3 Upon adherence, these MSCs have the capacity to
form clones, defined as colony-forming unit–fibroblasts
(CFU-fs), and to extensively proliferate. MSCs are able to
differentiate into mesenchymal lineages and thus generate
bone, cartilage, adipose, and muscle tissues. Such properties
have made them a promising tool for cell-based tissue repair
and tissue engineering approaches.4

Cells with properties similar to bone-marrow-derived
MSCs were later derived from other tissues and organs, in-
cluding brain and muscle,5 skin,6 or adipose.7 Indeed, adi-
pose tissue, when digested with collagenase and centrifuged

to remove differentiated adipocytes floating in the aqueous
phase, forms a cellular pellet made of a highly heterogeneous
population of cells, typically referred to as the stromal vas-
cular fraction (SVF) and includes fibroblastic colony-forming
cells, vascular/endothelial cells, erythrocytes, and other he-
matopoietic cells. These SVF cells are either freshly used for
therapeutic applications8,9 or seeded onto tissue culture
plastic in order to select the adherent population and then
expanded to generate what is generally referred to as adi-
pose derived mesenchymal stem/stromal cells (ASCs). ASCs
share several characteristics of bone marrow MSCs and re-
cently became, due to their ease of harvest and availability, a
cell source raising great scientific and clinical interest. Nu-
merous preclinical studies, defining various potential appli-
cations for ASCs in human therapy and clinical applications,
have indeed documented the ability of ASCs to repair not
only mesodermal tissues, but also ectodermal and endoder-
mal tissues or organs, in the field of gastroenterology, neu-
rology, orthopedics, reconstructive surgery, and related
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clinical disciplines (reviewed in Refs.10,11). The first clinical
trials with SVF cells and ASCs are ongoing, in the form of
phase I (e.g., myocardial infarction, skin ulcer, or graft versus
host disease), phase II (e.g., in rectovaginal fistula), phase III
(e.g., enterocutaneous fistula), and phase IV (e.g., breast re-
construction) studies.10,11 Such clinical trials in humans re-
quire the supply of clinical grade, generally autologous, SVF
cells. The preferable solution to provide such cells is to
process adipose tissue in a Good Manufacturing Practice
(GMP) facility. For that reason, clinical centers aiming to
apply adipose-cell-based therapies require access to such a
GMP facility, supported by a highly specialized staff of
technicians and qualified persons. This greatly limits the
potential applications of adipose-cell-based therapies to lar-
ger clinical centers capable of housing such facilities and thus
results in a cost-ineffective therapeutic approach. The de-
velopment of closed, aseptic, and automated devices would
allow for the isolation of SVF cells outside of a GMP facility,
for instance, directly inside an operating theater, thus re-
ducing such current limitations as cost effectiveness and
operator intervention and error.

Automated cell isolation systems are currently being de-
veloped by several groups to facilitate clinical implementa-
tion of cell-based therapies. Among these, the CE-marked
device Sepax� (Biosafe SA) has been previously developed to
isolate and to concentrate nucleated cells from umbilical
cord, peripheral, or bone marrow blood.12,13 In this study,
we aimed to validate a newly developed automated proce-
dure based on the Sepax technology to isolate SVF cells from
human adipose tissue in a closed, clinical-grade setting. To
validate this new procedure, we compared it with the stan-
dard operator-based manual separation of the SVF cells in
terms of isolation yield, cytofluorimetric profile, and differ-
entiation capacity into mesenchymal lineages. This study
was performed independently in two research centers to
confirm the reproducibility of the process.

Materials and Methods

Tissue source

Adipose tissue, in the form of tumescent liposuction
samples from subcutaneous abdominal fat, was obtained
from 11 healthy female donors (age 20–65) following in-
formed consent and according to a protocol approved by the
local ethical committee (EKBB, Ref. 78/07 and 2006-192N-

MA [extended in 2009]). Liposuction samples were centri-
fuged and concentrated to remove tumescent solution im-
mediately in the operating room. The same liposuction
samples were used as starting material in parallel for the two
isolation procedures as described below.

Manual isolation of the cells

Adipose samples were digested for 60 min at 37�C in 0.15%
(W/V) collagenase NB 6 GMP Grade from Clostridium histo-
lyticum (0.12 U/mg collagenase; SERVA Electrophoresis
GmbH) diluted in phosphate-buffered saline (PBS; Gibco).
After centrifugation at 190 g for 10 min, the lipid-rich layer
was discarded and the cellular pellet was washed once with
PBS. For analysis, red blood cells were lysed by incubation
for 2 min in a solution of 0.15 M ammonium chloride, 1 mM
potassium hydrogen carbonate (both from Merck; www
.merck-chemicals.com), and 0.1 mM EDTA (Fluka Analytical,
Sigma-Aldrich Chemie GmbH). The resulting SVF cells were
then resuspended in complete medium (CM), consisting of
alpha-minimum essential medium (a-MEM) supplemented
with 10% of fetal bovine serum (FBS), 1% HEPES, 1% sodium
pyruvate, and 1% of penicillin-streptomycin-glutamin (100 · )
solution (all from Gibco). For the experiments testing prolif-
eration rate, cells were expanded in Dulbecco’s minimal es-
sential medium (DMEM) containing 10% FBS or 10% human
AB serum (HS).14

Sepax-based automated isolation of the cells

Liposuction samples were introduced in 400 mL transfer
bags (Terumo) and NB 6 GMP Grade collagenase diluted in
PBS was added at a final concentration of 0.15% (W/V). The
bag was placed into an incubator at 37�C for 60 min. After
digestion (Fig. 1), the bag was connected to a CS-490.1 kit
(Biosafe SA) specifically modified for this purpose and the
kit was installed on a Sepax device (Biosafe SA; www.biosafe
.ch) for automated digestion. After priming and straining of the
digested adipose tissue into the separation chamber, a centri-
fugation step was performed to remove the supernatant. It was
followed by a washing procedure of the pellets with saline
solution. When more than 200 mL of adipose was processed, a
two-phase digestion by the machine was necessary, which
slightly increased the time for procedure. For cell collection, the
system diluted the residual pellets (& 10 mL) and extracted
the content into the final bag, and then automatically rinsed the

FIG. 1. Schematic descrip-
tion of the isolation process.
The adipose tissue sample is
digested with collagenase in
a transfer bag. The bag is
connected to the Sepax kit
and the kit is installed on the
device. The output bag con-
tains the stromal vascular
fraction (SVF) that can be
used for in vitro expansion or
infusion into a patient. Color
images available online at
www.liebertonline.com/tec
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chamber twice for an optimal cell recovery. The minimum final
volume used was 40 mL. The re-suspension medium was as
described for the manual isolation process.

Cell count and characterization by flow cytometry

Nucleated cells were counted using a Neubauer chamber
after staining with Crystal Violet (Sigma), whereas cell via-
bility was determined by counting the blue (dead) and
transparent (alive) cells after trypan blue (Sigma) staining.
The phenotype of SVF cells was determined by cytofluori-
metric analysis with fluorochrome-conjugated antibodies to
human CD105 (from AbD Serotec), CD90, CD31, CD34,
CD45, or CD73. Isotype IgGs were used as control (all from
BD Biosciences). About 105 cells in suspension per condition
were incubated for 30 min with the different antibodies at
4�C in CM, washed with PBS, resuspended in FACS buffer
(PBS, 0.5% human serum albumin, and 0.5 mM EDTA), and
analyzed with an FACSCalibur flow cytometer (BD Bio-
sciences). 7-Amino-actinomycin D (7-AAD) was used to de-
termine the number of dead cells inside the isolated SVF cell
population. Expanded ASCs were analyzed after the first
passage, investigating 7-AAD-negative cells for expression of
CD105 (eBioscience), CD144 (Beckman Coulter), CD44, CD29
(Biolegend), CD90, and CD73 (BD Biosciences).

Cell culture and colony-forming assays

For monolayer expansion, SVF cells were seeded at a
density of 2 · 103 cells/cm2 onto tissue culture plates, cultured
in CM supplemented with 5 ng/mL fibroblast growth factor-2
(FGF-2; R&D Systems), and serially replated in new dishes at
a density of 3 · 103 cells/cm2 upon subconfluence. To com-
pare the effects of FBS and HS supplementation, cells were
serially replated at a density of 200 cells/cm2. Cumulative
population doublings (PD) were calculated using the formula:
PD = [log10(NH) - log10(N1)]/log10(2), where N1 is the num-
ber of seeded cells and NH is the cell number counted after
expansion.15 The number of CFU-fs was determined by plat-
ing 5 · 102 SVF cells per 78 cm2 Petri dishes. Cells were cul-
tured for 10–14 days in CM containing 5 ng/mL FGF-2. After
fixation with 4% formalin for 10 min and staining with crystal
violet, the colonies consisting of at least 40 cells were counted
and the number of colonies was normalized to the number of
plated cells.

Osteoblastic differentiation assays

The osteoblastic differentiation capacity of SVF cells was
tested after 3 weeks of culture in a-MEM supplemented with
10 mM b-glycerophosphate, 10 nM dexamethasone, and
0.05 M ascorbic acid. Cells cultured with CM containing FGF-
2 were used as a control. Deposition of mineralized matrix
was detected by a 2% alizarin red S staining, as previously
described,16 or by quantification of hydroxyapatite deposi-
tion using the Osteoimage Mineralization Assay (Lonza),
following manufacturer’s instructions.

Chondrocytic differentiation assay

The chondrocytic differentiation capacity of SVF cells was
investigated in pellet culture by using a chemically defined,
serum-free medium, consisting of DMEM containing 4.5 mg/
mL D-glucose, 0.1 mM nonessential amino acids, 1 mM sodium

pyruvate, 10 mM HEPES buffer, 100 U/mL penicillin, 100mg/
mL streptomycin, and 0.29 mg/mL L-glutamine (all from Gib-
co) further supplemented with ITS + 1 (10mg/mL insulin,
5.5 mg/mL transferrin, 5 ng/mL selenium, 0.5 mg/mL bovine
serum albumin, and 4.7 mg/mL linoleic acid), 1.25 mg/mL
human serum albumin, 0.1 mM ascorbic acid 2-phosphate, and
10- 7 M dexamethasone (all from Sigma), and 10 ng/mL TGF-
b1 (R&D).17 Aliquots of 5 · 105 SVF cells were centrifuged at 250
g for 5 min in 1.5 mL polypropylene conical tubes (Saarstedt) to
form spherical pellets, which were placed onto a 3D orbital
shaker (Bioblock Scientific) at 30 rpm. Pellets were cultured for 2
weeks at 37�C/5% CO2. Some pellets were fixed and paraffin
embedded, and then 5mm sections were serially stained with
hematoxylin, Fast Green, and safranin-O as previously de-
scribed.17 To quantify the sulfated glycosaminoglycan (GAG)
content, other pellets were digested with a proteinase K solu-
tion, incubated with a dimethylmethylene blue dye, and read
spectrophotometrically, with chondroitin sulfate as a standard,
as previously described.18 The GAG content was normalized to
the deoxyribonucleic acid (DNA) amount that was measured
using a CyQUANT cell proliferation assay kit (Molecular
Probes), with calf thymus DNA as a standard.

Adipocytic differentiation assay

The adipocytic differentiation was induced by culture of
SVF cells on tissue culture plastic, which upon confluence
were treated with 10mg/mL insulin, 1 mM dexamethasone,
100mM indomethacin, and 0.5 mM 3-isobutyl-1-methylxan-
thine for 72 h and with 10mg/mL insulin for 24 h as previ-
ously described.17 The 96-h treatment cycle was repeated
three times. These adipo-inductive supplements were added
to a-MEM containing 10% FBS. At the end of induction, cells
were fixed with 4% formalin, stained with oil red O dye
(Sigma), and observed with a phase-contrast microscope.

Results

Liposuction samples, in volumes ranging from 40 to
400 mL, were processed in parallel by following either the
standard manual procedure described previously16 or the
newly developed automated procedure based on the Sepax
technology (Fig. 1). Both processes were typically completed
within 1.5–2 h, depending on the initial volume of input and
including 1 h for the digestion of the sample by collagenase.

Isolation yields and phenotype

The number of nucleated cells from SVF in the final sus-
pension was evaluated after both procedure types and nor-
malized to the volume of liposuction input processed. The
manual procedure yielded 1.6 – 0.9 · 105 nucleated cells/mL
of liposuction, whereas the Sepax-based procedure isolated
2.6 – 1.2 · 105 cells/mL of liposuction (n = 6; Fig. 2A). This
represents a 62% increase in isolated nucleated cells, and the
difference was highly significant as tested by t-test. The yield
in terms of isolation of CFU-fs was 24% higher with Sepax
(Fig. 2B), which represented a limited but significant differ-
ence (n = 18, triplicate determinations performed for six do-
nors). The variability in the isolation yield and clonogenicity,
that is, the standard deviation as a percentage of the mean,
was always lower with Sepax, with a reduction of 18% and
50%, respectively, as compared with the manual procedure.
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The viability of isolated cells was more than 90% in both
conditions as tested by trypan blue and confirmed by 7-AAD
staining performed on five donors (Fig. 2C).

The SVF is composed of a highly heterogeneous population
of cells.19 To investigate whether the two procedures led to the
isolation of specific subpopulations of cells of interest, the
different cell types inside the SVF were analyzed by cyto-
fluorimetry, by using a set of markers that we recently vali-
dated.20 Based on this set of markers, we identified the
presence of about 35% of hematopoietic cells (CD45-positive
cells); 40% of CD34 + /CD31 - cells, previously shown to
contain the CFU-fs and the pericytic populations within SVF
cells; and 25% of CD34 + /CD31 + cells, previously character-
ized as endothelial cells (Fig. 3). No significant enrichment in
any of the three populations between the two experimental
conditions was observed and paired t-tests showed no sig-
nificant difference of cell types between the two isolation
procedures (n = 3). To complete this analysis, the percentages
of SVF cells expressing CD31, CD34, CD45, CD73, CD90, or
CD105 after the manual procedure were normalized by the
respective percentages for each marker after Sepax procedure.
For every marker, this ratio was not significantly different
from 1 (a ratio of 1 is indicative of the same percentage of cells
expressing a marker with both isolation techniques), as tested
by Wilcoxon signed rank test (n = 5 different donors).

Expansion and differentiation potential

The rate of proliferation of ASCs derived from the two
isolation procedures was identical when expanded as
monolayer on tissue culture plastic in either FBS or HS, from
the first to the third passage (Fig. 4). The previously dem-
onstrated trend showing higher number of ASCs with HS
than with FBS at the different passages14 was valid similarly
for both the manual and Sepax procedures. For both isolation
procedures, until the third passage, the viability of ASCs was
higher than 97% – 1% (n = 3) as indicated by the percentage of
7-AAD-negative cells (data not shown). These cells were
characteristic ASCs in every experimental condition tested,
as shown by > 99% positivity for the mesenchymal markers
CD29, CD44, CD73, CD90, and CD105 and absence of he-
matopoietic markers (data not shown). The capacity of ASCs
to differentiate into the three mesenchymal lineages was
assessed. Following osteoblastic induction, ASCs derived
from both isolation types were able to produce matrix in vitro
and to mineralize it, as evidenced by a strong positive
staining for alizarin red (Fig. 5A). Apatite production by
these cells was also evaluated quantitatively, and demon-
strated no significant difference between manual- and Sepax-
isolated ASCs (Fig. 5B). ASCs poorly differentiated into the
chondrocytic lineage in pellet cultures, as assessed by saf-
ranin-O staining (Fig. 5D) for GAG and consistent with
previous studies.21,22 Quantification of GAG, normalized to
DNA content, confirmed a limited GAG deposition but
demonstrated no difference between the two isolation pro-
cesses (Fig. 5D). After adipocytic induction, both types of
ASCs differentiated into adipocytes and exhibited large cy-
toplasmic lipid droplets, as stained by oil red O (Fig. 5E).

Discussion

In this study, we validated a new automated procedure to
isolate SVF cells from human adipose tissue samples based on

FIG. 2. Isolation yield, clonogenicity, and viability of SVF
cells from liposuction samples processed by manual or Se-
pax procedure. (A) The total number of nucleated cells
isolated was counted by using a Neubauer chamber after
crystal violet staining and normalized to the volume of the
liposuction sample processed. Results are expressed as
mean – SD of cell number per mL of processed adipose from
six independent donors. (B) The SVF cells obtained from six
different donors were plated in triplicate at clonal density
(10 cells/cm2) and the cells were allowed to grow colonies,
which were counted after staining by crystal violet and
normalized to the number of seeded cells. Results are ex-
pressed as mean – SD of the colony-forming unit–fibroblast
(CFU-f) frequency in the SVF cell. (C) A sample of the SVF
derived from five donors was analyzed by cytofluorimetry
for 7-amino-actinomycin D (7-AAD). Results are presented
as the mean – SD of the percentage of the viable, 7-AAD-
negative, cells. Differences were statistically assessed by
paired t-tests. N.S., no statistically significant difference.
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the Sepax technology and compared it with the current stan-
dard, namely, the manual isolation of SVF. The automated
procedure resulted in higher and more reproducible isolation
yields of SVF cells, with phenotypic and functional charac-
teristics similar to those isolated by the manual procedure.

The isolation yield of SVF cells not only depends on how
the tissue is processed, but also on various factors, including
interdonor variability, anatomical harvest site, aspiration
procedure, storage time, sample processing prior to digestion
(e.g., washing or concentration by centrifugation), and con-

centration/type of enzyme used. Those factors explain the
high variability of yields described in the literature, from as
low as 4 · 104 cells/mL23 to around 3 · 105 cells/mL of adi-
pose tissue.24 Another factor affecting yield variability is
whether the adipose tissue is in the form of a solid resection or
a liposuction sample, whether or not tumescent solution was
used for liposuction, and/or whether or not centrifugation is
performed after collection. All of which greatly modify the
characteristics of the source material used for isolation. Typi-
cally, our standard manual isolation procedure results in av-
erage yields of 1.5–2 · 105 cells/mL of adipose tissue. To avoid
these intradonor (liposuction vs. resection) and technical
sources of variability, we divided a given tissue sample into
two equal fractions that were then processed via the auto-
mated or manual procedure. The average isolation yield
achieved with Sepax was in the range of 2.6 · 105 nucleated
cells per mL of liposuction sample. This average yield is
comparable with the previously described Celution� system
from Cytori Therapeutics,25 for which an average yield of
2.9 · 105 cells per mL of adipose was reported. The reported
frequency of CFU-fs in SVF also varies in the literature,
ranging from 0.3% to 15%, likely due to different clonal
densities of seeding, different media used, or a discrepancy in
the definition of a CFU-f colony.8,24,26 Frequencies between
10% and 15% of CFU-fs are reported here, with only a slight
difference between manual and automated processing for a
given donor. The variability seen in the manual processing
was reduced with the automated procedure, likely due to a
better standardized performance of the critical steps (e.g., re-
moval of the supernatant after centrifugation).

The investigation of the phenotypical and functional
characteristics of the isolated cells showed no difference be-
tween ASCs isolated manually or by Sepax. We recently
identified CD34 + /CD31 - as the population containing
CFU-fs and pericytic cells within SVF, with CD34 + /CD31 +

and CD45 + cells as the endothelial and hematopoietic

FIG. 3. Cytofluorimetric analysis of SVF cells obtained
from liposuction samples processed by manual or Sepax
procedure. SVF cells obtained from three different donors
were analyzed by cytofluorimetry for the expression of CD45
(top graph) and CD34/CD31 (middle and bottom graphs).
Results are expressed as mean – SD of the positivity for the
indicated markers. N.S. in percentage of cells was found
between the two procedures as tested by paired t-tests.

FIG. 4. Expansion of adipose-derived mesenchymal stem/
stromal cells (ASCs) derived from liposuction samples pro-
cessed by manual or Sepax procedure. ASCs were grown in
different media, as indicated, and the cumulative number of
cell population doublings was established at every passage.
N.S. in growing rates was found between the two procedures
using either serum source, as tested by ANOVA with Tukey’s
post hoc tests.
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fractions, respectively.20 No difference between manual and
Sepax processing was observed in the percentage of the
different cell populations or in the expression of other mes-
enchymal markers (CD73 + or CD90 + , data not shown).
From a functional standpoint, ASCs from SVF proliferated
and differentiated similarly toward the three mesenchymal
lineages (adipo-, osteo-, and chondrocytic), independently of
the isolation procedure. The results of the present study
therefore validate Sepax as an automated alternative to
manual processing of adipose tissue, leading to higher yields
of SVF cells of comparable quality.

The potential benefit of the automated device/process is
manifold. (1) For research purposes, it could help to stan-
dardize and simplify the processing of adipose material. This
could allow for a better comparison of the results generated
in different experimental runs or research laboratories. (2)
For clinical purposes, the presented approach would enable
the direct coupling of the technology with another bioreactor
system for cell expansion/culture, resulting in a streamlined
and perhaps fully automated approach27 to generate adi-
pose-cell-based grafts. (3) Alternatively, the Sepax system
may be employed for intraoperative transplantation of SVF

FIG. 5. Differentiation into
mesodermal lineages of SVF
cells obtained from liposuction
samples processed by manual
or Sepax procedure. (A) Ali-
zarin red staining after manual
(left picture) and Sepax (right
picture) procedures; SVF cells
were grown to subconfluence
and induced with either stan-
dard medium (left well) or os-
teoblastic induction medium
(right well) for 3 weeks. (B)
Apatite deposition by ASCs
obtained either by manual
isolation or by Sepax and cul-
tured for 3 weeks with osteo-
blastic induction medium
quantified by using the Osteo-
image kit. Results are ex-
pressed as mean – SD of 10
fluorescence intensity values
obtained from three indepen-
dent donors. No significant
difference in fluorescence in-
tensity was found between the
two procedures as tested by
unpaired t-test. (C) GAG/
DNA quantification and (D)
safranin-O staining on sections
of samples from ASCs ob-
tained either by manual isola-
tion (left) or by Sepax (right)
and cultured for 2 weeks with
chondrogenic induction me-
dium. (E) Fluorescence mi-
croscopy pictures after oil red
O staining of ASCs obtained
either by manual isolation (left)
or by Sepax (right) and cul-
tured for 2 weeks with adipo-
genic induction medium.
GAG, glycosaminoglycan.
Color images available online
at www.liebertonline.com/tec
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cells. This approach is already in clinical use for cell-assisted
lipotransfer in breast augmentation and breast reconstruc-
tion,9 but so far relies on a manual isolation of the SVF cells.28

In this latter context, our group is currently planning to
clinically test the efficacy of osteogenic/vasculogenic grafts8

intraoperatively generated by cells automatedly isolated
from autologous adipose tissue for bone defect repair in
osteoporotic patients.
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582 GÜVEN ET AL.


